Abstract Estimation of direct runoff, peak discharge or hydrographs is often necessary in small to medium-sized ungauged basins. Different models are used in practice for these purposes, depending on the type of problem, the available data and the prevailing runoff mechanisms in the study basin. This paper discusses the applicability of the curve number procedure developed by the US Soil Conservation Service (SCS) to estimate direct runoff in basins characterized by small to gentle undulating slopes mainly covered with natural grasslands. Rainfall and runoff data measured in the Canada de Los Chanchos basin in Uruguay is used to fit the curve numbers and to analyse the antecedent soil moisture condition proposed by the SCS.
INTRODUCTION
Large areas in Uruguay, Argentina and the south of Brazil are characterized by gently undulating topography mainly covered with natural grasslands suitable for livestock. Gauged basins in this region are normally associated with the management of artificial reservoirs for hydropower production, and are usually larger than 1000 km 2 . Small to medium-sized basins are seldom considered. Nevertheless, the design of hydraulic structures in these small to medium-sized ungauged basins often requires estimation of rainfall excess, peak discharges or hydrographs. Different models may be used in practice for this purpose, some focusing on the runoff and others on the loss (Pilgrim & Cordery, 1993) . The choice and validity of the selected model depend on the type of problem, the available data and the prevailing runoff mechanisms.
In practice, hydraulic engineers frequently use the curve number procedure of the US Soil Conservation Service (SCS) to compute direct runoff in these small to medium-sized ungauged basins, probably due to its apparent simplicity. Runoff estimates are based upon the soil types, land-use practices within a basin and the influence of the antecedent soil moisture conditions for a specific storm.
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The objective of this investigation is to initiate a scientific analysis of the applicability of the SCS curve number procedure in basins with gentle relief in the temperate zone. Difficulties concerning its application are discussed and contrasted with an extension of this procedure developed by Morel-Seytoux & Verdin (1981) , based on a more physical infiltration theory. Estimation of basin wetness prior to a rainfall event by means of an index of antecedent moisture condition is analysed in some detail and a methodology for its determination is proposed. Available rainfall and runoff data from the Canada de Los Chanchos basin in Uruguay were used for this purpose.
THE CURVE NUMBER PROCEDURE AND ITS APPLICATION
The curve number procedure of the US Soil Conservation Service is a widely used method for estimating direct runoff from rainfall on small to medium-sized ungauged basins. The basic reference is the National Engineering Handbook, Section 4-Hydrology (1964), hereafter referred to as "NEH-4."
The SCS curve number procedure depends on relationships between precipitation and runoff, expressed as: and Q is the direct runoff or rainfall excess (mm), P is storm rainfall (mm), S is the maximum potential soil water retention (mm), and CN is the curve number (dimensionless). Equations (1) and (2) were postulated, because their short-term and long-term behaviours correspond to experimental evidence. The practical application of this procedure should be simple and direct. It relies on the determination of the curve numbers which are widely documented in the literature for various land uses and soil types (NEH-4, 1964; Chow et al, 1988; Pilgrim & Cordery, 1993) . Nevertheless, in spite of its apparent simplicity, the application of the curve number procedure leads to a diversity of interpretations and confusion due to ignorance about its limitations, because the existing documentation of how it was developed is severely limited (Hawkins, 1979; Boznay, 1989; Hjelmfelt, 1991; Pilgrim & Cordery, 1993) . Difficulties in its application are mainly related to the classification of soils outside the USA into the four hydrological soil groups A, B, C and D, and the determination of the antecedent moisture condition (AMC), which is an index of basin wetness. Care is required in its application, and verification against measured flood data in each region where the method is applied, is necessary.
To encourage the application of the SCS curve number procedure in Uruguay, Durân (1995) made a classification of the country's soils into appropriate hydrological groups according to the same methodology used by the SCS (NEH-4, 1964; Rawls et a!., 1993 ). Durân's work was based on an earlier classification of soils made for agricultural purposes, which resulted in 99 geographical soil units classified according to morphological, physical and chemical characteristics (Doti et al, 1979) . However, determination of antecedent soil moisture content and classification into the antecedent moisture classes AMC I, AMC II and AMC III, representing dry, average and wet conditions, is an essential matter for the application of the SCS curve number procedure that is without a clear answer yet. The definition of antecedent moisture condition AMC II is the basis from which adjustments to the corresponding curve numbers for dry soils (AMC I) and wet soils (AMC III) are made. Nevertheless, Hjelmfelt (1991) noted that the SCS gives three definitions for AMC II: -Average conditions (NEH-4, 1964) . The SCS defines the antecedent moisture condition as an index of basin wetness. In particular AMC II is defined as "the average condition." However, Hjelmfelt (1991) (NEH-4, 1964) . The curve number that divides the plotting of the relationship between direct runoff and the corresponding rainstorm into two equal numbers of points (the median) is associated with AMC II. AMC I and AMC III are defined by envelope curves. -Antecedent rainfall tables (NEH-4, 1964) . The appropriate moisture group AMC I, AMC II and AMC III is based on a five-day antecedent rainfall amount and season category (dormant and growing seasons) as shown in Table 1 . Morel- Seytoux & Verdin (1981) noted that examination of the SCS curve number procedure also shows that the infiltration rate implied in the SCS procedure fluctuates with the rainfall intensity, which disagrees with field and laboratory measurements, and physical infiltration theory. The SCS infiltration rate only produces a monotonie decreasing infiltration curve for a constant rainfall intensity. Morel-Seytoux & Verdin (1981) extended the SCS curve number procedure using infiltration theory and established a table relating the curve numbers (CN) to the hydraulic conductivity of the soil under conditions of natural saturation (K) and the storage suction factor (SJ). This table allows the use of infiltration equations to estimate rainfall excess for any ungauged basin assuming that the curve number can be determined from a knowledge of soil types and land use.
STUDY BASIN AND ITS INSTRUMENTATION
The Canada de Los Chanchos basin in Uruguay has an area of 18.7 km"". Its outlet consists of an irrigation reservoir (2.33 km" maximum surface area) with an earth dam. The basin slope computed according to Horton (1914) is 2.54%, which is smooth recording gauge raingauge (Chow et al, 1988) is about 3.0 h. The predominant soils are argisols and planosols, which were classified into the hydrological group D (Durân, 1995) . Land cover is mainly natural grassland primarily used for livestock and normally not heavily grazed. The climate is humid subtropical.
The basin is equipped with a recording raingauge with a weekly chart (monthly from 1995), five non-recording raingauges, a water level gauge recorder with a weekly chart and a vertical scale, as shown in Fig. 1 . The relationship between the water level and the reservoir volume is known so it is possible to use the reservoir as a "discharge measurement structure" to compute runoff volumes. The hydrograph reaching the reservoir is computed by a program written in Matlab", which requires water level records measured in the reservoir and the corresponding recording time as input data.
ANALYSIS OF EVENTS RECORDED IN THE STUDY BASIN
The SCS does not report the rainfall-runoff events used to develop its curve numbers. NEH-4 only states that the curve numbers were determined by plotting rainfall depth vs runoff depth for the events producing the annual maximum discharge each year in the experimental basins. Morel-Seytoux & Verdin (1983) noted that the period of record for the experimental basins was presumably about 15-20 years. Therefore it was decided to use rainfall events whose return period is equal to or higher than one year. Ten rainstorms recorded between 1992 and 1995 in the Canada de Los Chanchos basin fulfilled this requirement, as shown in Table 2 . The curve numbers were computed combining equations (1) and (2).
The relationship between direct runoff (Q) and its associated rainstorm (P) was plotted on Fig. 2 . Those events having a return period equal to or longer than three years are represented with a small circle whereas the events with a return period approximately equal to one year are represented by an asterisk. The curve number fitted to the first group of rainstorms according to the median curve number criterion was 81. This curve number is associated with the antecedent moisture condition AMC IL Using Table 10 .1 of NEH-4 and the curve number 81, the corresponding curve numbers for AMC I (dry soils) and AMC III (wet soils) are 64 and 92, respectively. Figure 2 shows that these curve numbers are envelope curves for the events having return periods equal to or longer than three years, which is according to the median curve number criterion. Five of six events whose return period is approximately equal to one year are also located between these envelope curves. The fitted curve number was verified using Table 9 .1 of NEH-4. The basin is mainly natural grassland in good hydrological condition with soils classified as Group D. Entering Table 9 .1 with this data, the curve numbers for AMC II are 84 for fair, and 80 for good hydrological conditions. Therefore, the curve number 81 is a good approximation.
The next step in the investigation was to analyse the third definition of AMC based on seasonal rainfall limits for five-day antecedent rainfall. According to the limits in Table 1 , all the storms are in AMC group I. This seems unlikely for a region characterized by a humid subtropical climate (mild winters, temperate and wet in all seasons) and gentle to very smooth relief. The antecedent moisture condition of soils within relatively flat areas depends essentially on vertical water transport processes (Kovacs, 1978 (Kovacs, , 1983 . Soil stores water during the winter due to low évapo-transpiration and releases water during the summer due to high évapotranspiration. Moreover, the soils of Uruguay probably represent a narrow range of conditions compared with the soil diversity of the USA. The whole of Uruguay is classified into 99 soil units whereas there are more than 4000 soils in the USA.
The observations above are not surprising, Hjelmfelt (1991) has already noted that a study by Gray et al. (1982) suggested that the derivation of the antecedent rainfall tables is questionable. Limited information about the origin of the curve number procedure prevents one from finding an explanation of the limits for five-day antecedent rainfall provided by the SCS.
In order to characterize the antecedent soil moisture, it was decided to compute direct runoff according to an extension of the SCS curve number procedure developed by Morel-Seytoux & Verdin (1981) . Table 3 shows the relationship between the fitted curve numbers for AMC groups I, II and III, and K and Sf where K is the hydraulic conductivity at natural saturation and Sf the corresponding storage suction factor. The results of computing direct runoff for individual events, using these CN values, are given in Table 4 . The minimum relative differences between measured and computed direct runoff [(0 me asured -2com P uted)/£2measured] were used to find the soil moisture condition prior to each storm. The resulting classification is shown in the last column of Table 4 .
The antecedent rainfall and potential évapotranspiration were then analysed, assuming that the antecedent moisture condition in areas characterized by gentle topography and a humid subtropical climate, depends essentially on the relationship between these parameters. The relationship between total 15-day antecedent rainfall and potential évapotranspiration for natural grasslands can explain the AMC classification obtained in Table 4 through the definition of seasons of low and high Table 3 Parameter equivalence between CN and hydraulic soil parameters (Morel-Seytoux & Verdin, 1981 The antecedent soil moisture condition of the curve number procedure évapotranspiration: low évapotranspiration season 1 May-30 September (monthly évapotranspiration <50 mm); and high évapotranspiration season 1 October~30 April (monthly évapotranspiration >50 mm). The seasonal rainfall limits, which take into account these seasonal variations of potential évapotranspiration, are shown in Table 5 . The resulting classification of the antecedent soil moisture condition (AMC) is the same as obtained in Table 4 , with the only exception being the lowest rainfall event.
Low rainfall limits during the season of low évapotranspiration are possibly due to soil moisture accumulation during this season because of the gentle topography as well as low évapotranspiration. High precipitation is required during the season of high évapotranspiration to meet évapotranspiration loss of soil moisture.
Once the CN and the corresponding AMC are obtained, these parameters can be used to compute direct runoff for an ungauged basin. The use of the physically-based infiltration equation proposed by Morel-Seytoux & Verdin (1983) for prediction of runoff compared with the SCS method has shown an improvement in six of 10 rainfall events recorded in the study basin as shown in Table 6 . This compares with the improvement reported by Morel-Seytoux & Verdin (1981) of seven in 11 events. It should also be noted that the maximum percentage error with the SCS method was 50.9, whereas it was only 25.2 with the other method.
CONCLUSIONS
The sample of rainstorms available in Canada de Los Chanchos is very short (ten intensive rainfall storms recorded during four years). Nevertheless, it appears to verify the median curve number criterion of the SCS. The fitted curve number (CN = 81) is associated with AMC II. This was successfully checked using Table 9 .1 of NEH-4. Therefore, it was concluded that this Table can be applied to the average antecedent moisture condition AMC II. The corresponding curve numbers for AMC I (dry soils) and AMC III (wet soils) are 64 and 92, respectively. Those curves obtained from Table  10 .1 of NEH-4 are envelope curves for the events presented in Fig. 2 , which accords with the median curve number criterion of the SCS.
The curve numbers computed for the Canada de Los Chanchos basin can be applied to other similar small ungauged catchments with slopes of about 2.5%, soils classified into hydrological group D and mainly covered with natural grassland. About 45% of soils in Uruguay are classified into the hydrological group D (Durân, 1995) . Most of these soils are similar regarding topography, land cover and land use, confirming the representativeness of the study basin.
The limits regarding five-day antecedent rainfall stated by the SCS are not verified in the study basin. Nevertheless, the use of soil parameters and associated infiltration equations developed by Morel-Seytoux & Verdin (1981) allowed definition of the soil moisture condition prior to each storm and revision of the seasonal limits for AMC. The analysis of the relationship between total antecedent rainfall and potential évapotranspiration for different periods resulted in a similar classification by considering an antecedent period of 15 days. The methodology described in this paper is based on the relationship between CN and (K, Sf) derived by Morel-Seytoux & Verdin (1981) . It could be easily applied by hydrologists to other regions in order to review the seasonal limits for AMC for different soil groups, land use, topography and climate. Future monitoring resulting in a higher number of rainy events may improve the proposed curve numbers and the seasonal rainfall limits for AMC.
